Approaches to Assessing and Quantititing Electrophilic Character and Covalent Reactivity of Chemicals
The evaluation of electrophilic character has been approached through the principles of acid-base theory where electrophiles (acids) and nucleophiles (bases) can be dassified as hard or soft, based on intrinsic characteristics of the center under consideration (13) . In this scheme, hard species typically have a small atomic radii and a high effective nuclear charge and are only slightly polarizable (e.g., the aluminum cation); soft species tend to be large and highly polarizable (e.g., arsenic). The simple rule of thumb is that hard electron-deficient centers prefer to bind with hard electron-rich centers (such as aluminum and fluoride) and, likewise, soft electron-deficient species prefer soft electron-rich species (such as arsenic and sulfur). This concept can be a powerful approach to correlating chemical facts in the absence of detailed and direct knowledge of the process under study.
The concept can also be applied to evaluate carbon acids (13) (16) .
In general, the increased reactivity and binding of the brominated THMs predicted by theory have been confirmed experimentally (16) . In addition, gas uptake chamber experiments have confirmed increased metabolic activity of brominated THMs and suggested increased involvement of first order or pseudo first order processes (17) . Although it is not yet dear in all cases which pathways and electrophilic intermediates are associated with which toxicities, it should be possible to make estimates of the relative fluxes and importance of each pathway in leading to a combined reactivity potential for THMs via a given electrophilic species.
One approach to this problem has been to isolate and separately study each pathway to the extent possible. For example, THM mutagenicity mediated by reaction with GSH has been assessed using a strain of S. typhimurium TA1535, which was transfected with rat glutathione S-transferase (GST) (18) . In this study, bromoform was most active, followed by bromodichloromethane and chloroform (relatively inactive). These results are consistent with estimated electrophilicities based on calculations of vertical electron affinities (15) ing multiple large bromine atoms on the same carbon atom. Nevertheless, studies such as this are useful in linking a mechanistically defined toxic endpoint with a specific molecular triggering event.
The covalentlike reactivity of inorganic arsenic is also predicted on the basis of hard-soft acid-base theory, and it is anticipated that sulfur will play an important role in its ligand exchange chemistry. Furthermore, the redox chemistry of inorganic arsenic suggests that pentavalent arsenic (As5) would be a strong oxidant and would prefer to oxidize its potential ligands rather than complex them where it is possible (8) . Once reduced, trivalent arsenic (As3) can complex with soft bases such as sulfur through ligand exchange chemistry. In addition, trivalent arsenic can donate electrons to electrophilic methylating species. It is anticipated that it would not react with hard bases as found in DNA. Some similarities in the oxyanion chemistry of arsenate and phosphate can also be predicted. These reactivity predictions have been confirmed through studies (Fig. 3) that have shown that As5 reacts with GSH first by oxidizing it and then by forming trivalent arsenic complexes (19) . In addition, trivalent arsenic dithiol complexes were shown to be stable end products of such chemistry. Metabolism of arsenic through methylation has been well documented (8 (23) . In spite of the extensive study of this receptor, the endogenous ligand for the receptor is not known, although it is considered extremely likely that one exists (24) . A nonreceptor (prealbumin) binding model has also been developed and studied (9) (25) . In turn, there have been several theoretical models developed in an attempt to explain the structure-activity relationships and the importance of certain structural features of the chemicals (26) . While many of these models have unique features and advantages, the model (and molecular reactivity) that seems to be most consistent with the range of molecular sizes, shapes, and aromatic nature of all the ligands that are now known to bind this receptor is the model based on stacking and separation parameters (27) (Fig. 4) . It is clear that although binding to this receptor is a necessary event it is not sufficient for the expression of toxicity (25) . One relatively simple measure of the stacking capacity of such chemicals is their binding to carbon. This feature alone has been shown to be useful for the analytical separation of PCBs on the basis of the degree of ortho-substitution, which determines how well they stack (bind) to a carbon column (28) . In general, the less ortho-substituted (more dioxinlike toxic) PCBs are retained the most. Similar mechanisms operating on stationary phases bonded to silica gel have been used for high pressure liquid chromatographic separation of positional isomers of the chlorinated dioxins (29) .
Since the highly toxic halogenated aromatic hydrocarbons are substituted in lateral positions (opposite ends of the more or less rectangular shape), it appears that another important reactivity in mediating their toxicity is one which is dependent on laterality of halogen substitution. This is an important, if not the most important, binding feature represented in the prealbumin interaction model (Fig. 5) previously mentioned (9) . This can be viewed as a molecular cleft-type binding interaction between the highly polarizable lateral halogen atoms and the hydrophobic interior of the cleft provided by amino acid side chains that converge on the halogen substituents. In terms of attractive forces, the atoms in the amino acid side chains cause distortion of the large electron cloud surrounding the lateral chlorines (emphasized in Fig. 5 ), consequently resulting in an attraction between the electrons in one atom with the positive nucleus of another. For example, the unchlorinated biphenyl molecule itself, which has relatively little Figure 5 . Lateral halogen reactivity of selected chemicals relevant to cleft-type binding interactions (from left to right, TCDD, coplanar PCB, noncoplanar PCB, and benzopyrene) (9) . Lateral (32) . This in turn could lead to determining the total delivered reaction equivalents of the combined stacking and laterality reactivities of all dioxinlike chemicals present.
In making some attempt at a quantitative assessment of reaction equivalents delivered, it becomes important to consider possible modulating factors such as disposition, kinetic differences, and other factors such as steric accessibility to the target site.
Such factors can not only determine how much of the reactive species is available to target sites but also how well it can bind or interact with the site in effecting a response. Consider the case (Fig. 6 ) of potential exposure to dioxin or the dioxinlike PCB 3,3',4,4'-TCB, which is a close isostere of dioxin. In some animal species such as the guinea pig, there do not appear to be major differences in the pharmacokinetic behavior of these two chemicals. But in other species such as the rat, there is potential for significant metabolism of the PCB to a hydroxylated metabolite, which can be eliminated from the body much more readily (33) . Thus, the availability of the parent PCB to express its reactivity at target sites in the rat is reduced. Estimates of the flux through this metabolic pathway can be measured or estimated from information about the chemical nature of metabolic reactions.
Another important consideration with these two chemicals, even in the absence of differences in metabolism, is their equivalence in terms of the reactivity classifications of importance to the expression of dioxinlike reactivity. Again we can think of this as mainly the combined potential of both the stacking and laterality type binding reactivities. Since all PCBs are basically noncoplanar in nature, it is necessary for the 3,3',4,4'-TCB to achieve a coplanar state in order to be isosteric with the TCDD structure and facilitate a putative stacking interaction with the receptor. The energy cost to achieve the coplanar state has been estimated to equate to less than 0.5% population of coplanar conformers (5) . This population, which reflects the stacking reactivity potential for the PCB, can be further reduced by one-half because, of the two possible coplanar conformations, only one is isosteric (similar placement of lateral chlorines) with TCDD. This in effect cuts in half the laterality reactivity potential of the PCB. Consideration of these two factors alone as modulators of the important reactivities goes a long way toward explaining the differences (300-500 fold) in acute toxic potency for this PCB and TCDD in the guinea pig, an animal species in which pharmacokinetic differences does not appear to play a major role (4).
Reactivity Parameters in
Quantitative Structure-Activty Relationship-based Risk Assessment
The application of reactivity parameters in quantitative structure-activity relationship (QSAR)-based risk assessment is dependent on first classifying important chemical reactivities in a toxicological framework (34 PmhieI iistabolimn tion, such an approach can help in focusing attention and available resources on the most important exposure problem areas (reactivity hot spots). Electrophiic reactivity is further supported as an important factor in assessing how chemical structure determines toxicity. However, using toxicologically relevant molecular triggering events as a screen will ultimately require working backwards to identify specific chemicals to which we are exposed that need to be regulated. Similar to the toxic equivalency factor approach used for dioxinlike compounds, chemicals identified in a reactivity family could be quantitatively related through reactivity considerations to a prototypical compound (structure) for which the molecular triggering events (reactivity types estimated both experimentally or theoretically) for the toxicity of interest have been clearly delineated. This approach should not supplant other strategies incorporated into the risk assessment process. Nevertheless, in an era of cost consciousness and animal rights concerns, it may provide an alternative approach based on chemical structure to assess environmental exposures to chemicals and derive toxic equivalency factors.
